Hippocampal neurons undergo various forms of cell death after status epilepticus. Necrostatin-1 specifically inhibits necroptosis mediated by receptor interacting protein kinase 1 (RIP1) and RIP3 receptors. However, there are no reports of necroptosis in mouse models of status epilepticus. Therefore, in this study, we investigated the effects of necrostatin-1 on hippocampal neurons in mice with status epilepticus, and, furthermore, we tested different amounts of the compound to identify the optimal concentration for inhibiting necroptosis and apoptosis. A mouse model of status epilepticus was produced by intraperitoneal injection of kainic acid, 12 mg/kg. Different concentrations of necrostatin-1 (10, 20, 40, and 80 μM) were administered into the lateral ventricle 15 minutes before kainic acid injection. Hippocampal damage was assessed by hematoxylin-eosin staining 24 hours after the model was successfully produced. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling staining, western blot assay and immunohistochemistry were used to evaluate the expression of apoptosis-related and necroptosis-related proteins. Necrostatin-1 alleviated damage to hippocampal tissue in the mouse model of epilepsy. The 40 μM concentration of necrostatin-1 significantly decreased the number of apoptotic cells in the hippocampal CA1 region. Furthermore, necrostatin-1 significantly downregulated necroptosis-related proteins (MLKL, RIP1, and RIP3) and apoptosis-related proteins (cleaved-Caspase-3, Bax), and it upregulated the expression of anti-apoptotic protein Bcl-2. Taken together, our findings show that necrostatin-1 effectively inhibits necroptosis and apoptosis in mice with status epilepticus, with the 40 μM concentration of the compound having an optimal effect. The experiments were approved by the Animal Ethics Committee of Fujian Medical University, China (approval No. 2016-032) on November 9, 2016.
Introduction
Epilepsy is a common highly debilitating neurological disease characterized by the abnormal discharge of brain neurons (Filippov and Vorobyov, 2019) . Necrosis and apoptosis are the major forms of neuronal death post-epilepsy (Zhang et al., 2014) .
Recent studies show that necroptosis is a form of regulated cell death (Christofferson and Yuan, 2010; Pan et al., 2019; Shi et al., 2019; Yuan et al., 2019) . Necroptosis is regulated by complex IIb, which is composed of RIP1 and RIP3, proteins that interact through the RIP homotypic interaction motif, while MLKL is a key downstream regulator of RIP3 kinase (Baker et al., 2018; Johnston and Wang, 2018; Ni et al., 2019; Wang et al., 2019) . Necroptosis has been observed in a variety of diseases, including central nervous system diseases (Ofengeim et al., 2015; , ischemia/reperfusion injury (Oerlemans et al., 2012; Hribljan et al., 2019; Li et al., 2019; Liu et al., 2019) , and acute inflammation (Newton et al., 2014) . However, there is no report of necroptosis in a mouse model of epilepsy.
Brain damage caused by seizures is mainly produced by neuronal apoptosis (Polster and Fiskum, 2004; Wang et al., 2016; Panda et al., 2018; Xu et al., 2019; Zhou et al., 2019) , and Caspase-3 is the ultimate effector of the apoptotic signaling pathway . In addition, the anti-apoptotic protein Bcl-2 can reverse sudden brain damage (Graham et al., 2000) . Bcl-2 attenuates status epilepticus-induced neuronal damage by inhibiting the Caspase-3-dependent proteolytic enzyme cascade. Bax, an important pro-apoptotic protein (Tuunanen et al., 1999) , induces translocation of cytochrome C across the mitochondrial membrane, thereby activating Caspase-9, which in turn activates Caspase-3, resulting in apoptosis.
Necrostatin-1 (Nec-1) is a small molecule compound that blocks programmed necrosis by specifically inhibiting RIP1 (Degterev et al., 2005 Song et al., 2019) . Numerous studies have shown that Nec-1 exerts neuroprotective effects in various models of neural injury (You et al., 2008; Xu et al., 2010; Yang et al., 2019) . However, its neuroprotective effect in epilepsy models remains unclear. In this study, we investigate the effect of Nec-1 on neuronal necroptosis-related signaling pathways in mice with kainic acid (KA)-induced epilepsy. Furthermore, we screen for the optimal concentration of Nec-1 that inhibits apoptosis and necroptosis. Our findings should advance our understanding of the pathogenesis of epilepsy and help identify new therapeutic targets for the disorder.
Materials and Methods

Animals
A total of 144 specific-pathogen-free adult male Institute of Cancer Research (ICR) mice, weighing 22-28 g, were provided by the Shanghai Laboratory Animal Center, Chinese Academy of Sciences, Shanghai, China (animal license number: SCXK (Hu)-2012-0002). The experiments were approved by the Institutional Animal Care and Use Commit-tees of Fujian Medical University, China (approval No. 2016-032) on November 9, 2016. The experimental procedure followed the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) . The animals were housed in a room maintained at 22-26°C, humidity of 50-60%, with good ventilation, under a 12/12-hour light/dark cycle. The mice were allowed free access to food and water. All animals were acclimated to the experimental environment for one week before the experiments.
The 144 mice were divided into six groups (n = 24 each). In the dimethyl sulfoxide (DMSO) group, DMSO was injected into the lateral ventricle, and 15 minutes later, saline was injected into the abdominal cavity. Then, 24 hours later, the mice were killed. In the DMSO + KA group, DMSO was injected into the lateral ventricle, and 15 minutes later, KA was injected into the abdominal cavity. Then, 24 hours later, the mice were killed. In the KA + Nec-1 10, 20, 40 and 80 μM groups, 10, 20, 40 or 80 μM Nec-1 + DMSO was injected into the lateral ventricle, and 15 minutes later, KA was injected into the abdominal cavity. Then, 24 hours later, the mice were killed.
Production of the mouse model of status epilepticus
All surgical procedures were performed under aseptic conditions. The mouse model of status epilepticus was produced by KA injection (12 mg/kg; Cayman Chemical, Ann Arbor, MI, USA) into the abdominal cavity. This effective concentration was established in previous experiments. Before abdominal injection, isoflurane inhalation anesthesia was given, and the mice were injected with DMSO (1 μL; Sinopharm Chemical Reagent Co., Ltd., Shanghai, China). Each group was given the same KA injection, with no treatment for the DMSO group. Under normal conditions, mice would exhibit Racine stage 5 seizures (characterized by rearing and falling) 1 hour after KA injection (Liao et al., 2016) .
Drug administration
Nec-1 (purity: > 98%; CAS No. 4311-88-0, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in DMSO (Sinopharm Chemical Reagent Co., Ltd.) to 10, 20, 40 or 80 μM (Wu et al., 2015) . Mice were pre-injected with the Nec-1/DMSO solution into the lateral ventricles under a stereotaxic microscope (Olympus, Tokyo, Japan). The mice were placed on the stereotaxic apparatus (Olympus), anesthetized with isoflurane (Sinopharm Chemical Reagent Co., Ltd.), and a cut was made along the midline of the scalp to expose the bregma. A hole was drilled in the skull, and the trocar was positioned (relative to the bregma, anteroposterior ± 1.9 mm, midline ± 2.1 mm) on the stereotaxic apparatus. The trocar was descended 2.4 mm from the brain surface into the lateral ventricle, and the Nec-1/DMSO solution, 1 μL, was injected. In the DMSO + KA and DMSO groups, the same volume of DMSO was injected into the lateral ventricle. During the entire surgical procedure, the anal temperature was maintained at 37°C with heating plates and lamps.
Before removal of the hippocampus, the mice were treated with chloral hydrate (10%, 600 mg/kg, 3.5 mL/kg, intraperitoneally). Chloral hydrate was chosen because it has not been shown to upregulate autophagy compared with other anesthetics (Kashiwagi et al., 2015) . The chloral hydrate dose was chosen according to a previous study (Li et al., 2016) that reported the duration of maintenance, recovery time, heart rate, and mortality. The anesthesia protocol followed the American Veterinary Association and the British Animal Act guidelines to effectively reduce pain and suffering (Kelch, 2001; Chen et al., 2014) .
Hematoxylin-eosin staining
A total of 36 mice were used for hematoxylin-eosin staining (n = 6 for each group). After 24 hours of epileptic seizures, mice were anesthetized with chloral hydrate (10%, 600 mg/kg, 3.5 mL/kg, intraperitoneally), and then perfused with physiological saline. Brain tissue was fixed with 4% paraformaldehyde. After the mice were decapitated, the brain tissue was embedded in paraffin and cut into 5-6-mm sections containing the hippocampus, and then further cut into 30-µm coronal sections with a microtome. The sections were then put through a graded alcohol series, dewaxed in dimethyl benzene, and stained with hematoxylin and eosin. The sections were then transferred to glass slides and mounted with neutral balsam (ZLI-9516; Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China).
TUNEL staining
Terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay (Promega Corporation, Fitchburg, WI, USA) was used to detect apoptosis in the hippocampal CA1 area, in accordance with the manufacturer's instructions. After 24 hours of epileptic seizures, 36 mice (n = 6 for each group) were killed. After paraffin embedding, tissue sections were incubated with proteinase K (Zhongshan Golden Bridge Biotechnology Co., Ltd.) for 10-30 minutes at room temperature. The sections were placed in equilibration buffer, incubated with rTdT solution (Promega Corporation) at 37°C for 60 minutes, and washed with 2× SSC at room temperature for 15 minutes. Hydrogen peroxide, 0.3%, was added, and then incubated with horseradish peroxidase-labeled streptavidin (Zhongshan Golden Bridge Biotechnology Co., Ltd.) in phosphate-buffered saline at room temperature for 30 minutes. The sections were then incubated with 3,3′-diaminobenzidine (Zhongshan Golden Bridge Biotechnology Co., Ltd.) and counterstained with hematoxylin (Zhongshan Golden Bridge Biotechnology Co., Ltd.). Sections were rinsed with deionized water, dried, and sealed with neutral balsam. The brown (apoptotic) cells in the hippocampal CA1 area were observed under the light microscope (Olympus). The numbers of apoptotic cells in the whole CA1 area in three consecutive sections were counted, and the average percentage of positive cells was calculated at 400× magnification.
Immunohistochemistry
After 24 hours of epileptic seizures, 36 mice (n = 6 for each group) were used for immunohistochemistry. The animal was decapitated, and the brain was harvested and embedded in paraffin. The tissue was dewaxed through a graded alcohol series, treated with 0.3% hydrogen peroxide solution for 10 minutes, and then incubated with diluted primary antibodies overnight at 4°C. The primary antibodies were as follows: anti-RIP3 (necroptosis pathway-related protein; 1:200; monoclonal rabbit antibody; Sigma-Aldrich), anti-MLKL (necroptosis-related protein; 1:200; monoclonal rabbit antibody; Abcam, Cambridge, UK), anti-cleaved-caspase3 (pro-apoptotic protein; 1:150; monoclonal rabbit antibody; Cell Signaling Technology, Abcam Trading, Shanghai, China), and anti-Bax (pro-apoptotic protein; 1:150; monoclonal rabbit antibody; Cell Signaling Technology). Sections were incubated with the primary antibodies at 4°C overnight, and then with horseradish peroxidase-labeled goat anti-rabbit IgG (1:200; Zhongshan Golden Bridge Biotechnology Company, Beijing, China) at room temperature for 60 minutes. Thereafter, 3,3′-diaminobenzidine solution was added and quickly rinsed after sufficient color development. The sections were then counterstained and sealed. Image-Pro Plus software (Media Cybernetics, Bethesda, MD, USA) was used to assess staining intensity. The hippocampi of the DMSO group were used as a positive internal control. Immunohistochemical results were interpreted with the assistance of a pathologist. The percentages of cleaved-Caspase-3 and Bax-positive cells in the hippocampus were recorded for each section. Hippocampal cells were considered positively stained even when the intensity of staining varied or was membranous or cytoplasmic. western blot assay A total of 36 mice (n = 6 for each group) were used for western blot assay. After 24 hours of epileptic seizures, the brain was harvested, and protein from the bilateral hippocampi was extracted and quantified using a bicinchoninic acid protein assay kit (Beyotime Biotechnology, Shanghai, China). Electrophoresis was conducted, and the proteins were blotted onto a polyvinylidene fluoride membrane. After blocking, the membrane was rinsed with Tris-buffered saline/ Tween (TBST), and then incubated with primary antibody ( Table 1) . The membrane was washed with TBST and incubated with secondary antibodies (Table 1) . Then, after washing with TBST, the membrane was reacted with enhanced chemiluminescence reagent. Band intensities were visualized using Image Station 4000 MM imager. β-Actin was used as the internal control. Data were analyzed with a western blot analysis system (Carestream Company, Toronto, Canada).
Statistical analysis
Statistical analysis was conducted with SPSS 17.0 software (SPSS, Chicago, IL, USA). Data were normally distributed and are expressed as the mean ± SD. All data are analyzed by one-way analysis of variance followed by Tukey's post hoc test. P < 0.05 was considered statistically significant.
Results
Status epilepticus
After KA injection into the abdominal cavity, mice gradually developed epileptic seizures that lasted for 1-3 hours. During seizures, mice initially exhibited whisker-quivering, mastication, blinks and wet dog shakes, and then head nodding, whirling, one-sided forelimb clonus and other stage II-III manifestations. As the seizures progressed, mice gradually displayed rearing, double forelimb tremor, body dorsiflexion, falling, and limb convulsion, which worsened into grand mal, and then status epilepticus. No seizures were observed in the DMSO group.
Damage to hippocampal cells in mice with status epilepticus detected by hematoxylin-eosin staining
The morphological changes in CA1 cells were observed with hematoxylin-eosin staining. As shown in Figure 1 , in the DMSO group, normal morphology and structure of the hippocampus were found. The cells were neatly arranged and evenly colored, the sizes of the nuclei and nucleoli were normal, and the cytoplasm and nuclei were brightly stained, light red and light blue. In the DMSO + KA group, cellular morphology and hippocampal structure were abnormal. Pyramidal cells were lost, the cytoplasm was transparent, the nucleus and cytoplasm were stained dark blue and purple-blue, with uneven coloring, and the cells were of different sizes and morphologies. Some neurons were swollen and vacuolated, while others had shrunk in size. The nuclei showed signs of pyknosis and hyperchromatism. The nucleoli were small or missing. The cells appeared necrotic. After Nec-1 treatment, the cells appeared more normal, and the hyperchromatism and nuclear shrinkage were reduced. Notably, among the various groups, the Nec-1 40 μM group showed a regular arrangement of cells, which was significantly improved compared with the DMSO + KA group.
Neuronal apoptosis in the hippocampus in mice with status epilepticus detected by TUNEL staining
There was a small number of brown apoptotic granule cells in the DMSO group. After status epilepticus, the number of brown apoptotic cells in the hippocampal CA1 area was significantly increased (P < 0.05). The number of apoptotic cells was significantly less in the KA + Nec-1 40 μM group than in the DMSO + KA group (P < 0.001; Figure 2 ).
Assessment and quantification of target proteins by immunohistochemistry
The DMSO group showed a small number of scattered Bax, cleaved-Caspase-3, MLKL and RIP3-positive cells in the hippocampal CA1 area (Figures 3 and 4) . Compared with the DMSO group, the DMSO + KA group had a large amount of RIP3, MLKL, Bax and cleaved-Caspase-3-positive cells, and these cells were arranged irregularly and densely (P < 0.05). Compared with the DMSO + KA group, the KA + Nec-1 40 μM group showed significantly less RIP3, MLKL, Bax and cleaved-Caspase-3-positive cells. Furthermore, the cells had a lightly stained membrane and cytoplasm, which were pale brown (P < 0.01).
Assessment and quantification of target proteins by western blot assay
The DMSO group showed weak expression of MLKL, RIP1, RIP3, cleaved-Caspase-3 and Bax proteins and high levels of expression of Bcl-2 protein (Figure 5A-D) . Expression levels of MLKL, RIP1, RIP3, cleaved-Caspase-3 and Bax protein were significantly higher, while Bcl-2 protein levels were significantly lower, in the DMSO + KA group compared with the DMSO group (P < 0.05). Compared with the DMSO + KA group, the expression of MLKL, RIP1, RIP3, cleaved-Caspase-3 and Bax protein in the hippocampus was significantly downregulated (P < 0.01), while Bcl-2 protein was significantly upregulated, in the KA + Nec-1 40 μM group (P < 0.05; Figure 5E -H).
Discussion
The use of male mice in this study was in accordance with previous studies (Chavez-Valdez et al., 2014; Liao et al., 2016; Sowndhararajan et al., 2018) . Nec-1 only has a protective effect against ischemic/hypoxic brain damage in male newborns (Chavez-Valdez et al., 2014 . In the report of Chavez-Valdez et al., Nec-1 decreased cell death receptor 
Figure 1 Effect of necrostatin-1 on pathological changes in hippocampal tissue (CA1) in status epilepticus mice.
Sections were examined with optical microscopy to assess morphological changes in the CA1 by hematoxylin-eosin staining. The nucleus underwent pyknosis and hyperchromatism. The nucleolus became small or even disappeared, and the morphology of cells showed signs of necrosis (arrows). Scale bars: 50 μm. DMSO: Dimethyl sulfoxide; KA: kainic acid; Nec-1: necrostatin-1. proteins (Tc.TrkB and p75 NTR ) in female mice, but the underlying mechanism was unclear. Therefore, we only used male mice in the current study. KA injection into the abdominal cavity was used to induce status epilepticus and cause neuronal damage, and the injured hippocampal neurons underwent a considerable amount of apoptosis and necroptosis (Kondratyev and Gale, 2000) . We found that the expression levels of RIP1, RIP3, MLKL, cleaved-Caspase-3 and Bax in the hippocampus of post-epileptic mice were significantly increased, while the expression of Bcl-2 protein was decreased, suggesting that hippocampal neurons undergo death through apoptosis and necroptosis after status epilepticus.
RIPK3 and MLKL are important mediators of necroptosis Sai et al., 2019; Zhang and Balachandran, 2019; Zhang et al., 2019a, b) . In mouse models of KA-induced epilepsy, there are few reports on the mechanism of Nec-1-mediated neuroprotection of hippocampal cells (Arrázola et al., 2019) . Nec-1 inhibits necroptosis by inhibiting RIPK1 and blocking the interaction of RIPK1 with RIPK3. Western blot assay and immunohistochemical staining showed that the expression of RIP1, RIP3 and MLKL, factors related to necroptosis, in the hippocampus was significantly increased after KA-induced epilepsy in mice. RIP1, RIP3 and MLKL were significantly downregulated after treatment with Nec-1 (40 μM). These results suggest that Nec-1 may protect hippocampal neurons in mice by inhibiting necroptosis. Nec-1 not only reduced the number of apoptotic cells, but also significantly downregulated cleaved-Caspase-3 and Bax, and upregulated Bcl-2. To the best of our knowledge, this is the first demonstration of a role for Nec-1 in inhibiting apoptosis and necroptosis in a mouse model of epilepsy.
However, further study is needed to more fully elucidate the mechanisms underlying the neuroprotection provided by Nec-1.
In future studies, we anticipate including animal behavioral and brain imaging studies to further clarify the neuroprotective effects of Nec-1. The study of animal behavior is key to understanding the biological effects of drugs and their molecular targets (Puzzo et al., 2014) . Imaging is widely used to study animal models. Photoacoustic and thermoacoustic imaging is currently a research hotspot in the field of medical imaging. These techniques have advanced the study of brain hemodynamics, brain activity, and even brain function (Zeng et al., 2004 (Zeng et al., , 2007 He et al., 2006; Zhang et al., 2006) .
In summary, our study clarifies the neuroprotective mechanism of action of Nec-1 on brain damage in mice with KA-induced epilepsy. Nec-1 effectively inhibited programmed necrosis and apoptosis at a concentration of 40 μM. Therefore, the 40 μM concentration is the optimal therapeutic concentration for Nec-1 to protect neurons against necroptosis and apoptosis. 
